genes involved in basic metabolic functions of E. coli (59) . Further investigation of the Bacteroides transcriptional machinery by reconstitution of homologous and heterologous RNA polymerase holoenzymes with Bacteroides, as well as E. coli, promoters allowed the identification of an unusual primary sigma factor that is confined to the phyla Bacteroidetes and Chlorobi (55) . This primary sigma factor, ABfr , with some unique structural and functional characteristics, only recognized promoters from members of the phylum Bacteroidetes and thus explains the lack of functionality of E. coli promoters (55) . Given that a similar sigma factor (72.1% identity) was also found in Flavobacterium johnsoniae (55) , we believe that ABfr -like promoter sequences must also exist in members of the genus Flavobacterium.
Recently, we isolated and characterized strong Flavobacterium promoters by using a promoter trap system (12, 13) . The analysis with mapped transcriptional start points (TSPs) revealed that putative consensus promoter sequences resemble those of Bacteroides, e.g., Ϫ7 (TANNTTTG) and Ϫ33 promoter (TTG) motifs, and the spacer region between them varied from 17 to 23 bp (12, 13) . However, the optimal transcription initiation signals have not been defined. Here, the promoter for ompA (outer membrane protein A) was chosen as a model system because it is one of the strongest promoters of Flavobacterium known (S. Chen et al., unpublished data) and it resembles the typical Bacteroidetes promoter structure. The purposes of this study were to determine the relative nucleotide preference at each position in the Ϫ33 and Ϫ7 regions by site-directed mutagenesis and to analyze how variations in the spacer length and the nonconsensus core promoter sequences contribute to promoter strength.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The plasmids used in this study are listed in Table 1 . Flavobacterium hibernum strain W22 was isolated from a water-filled tree hole in an American beech tree located near the Michigan State University campus. F. johnsoniae UW101 (ATCC 17061) was obtained from Mark McBride of the University of Wisconsin-Milwaukee. Strains of E. coli were routinely grown in Luria broth (LB) or on LB agar plates at 37°C. Flavobacterium strains were grown at 26°C in Casitone yeast extract (CYE) medium as previously described (40) . Liquid cultures were incubated with shaking at 200 rpm. Solid CYE medium contained 20 g of agar per liter. Ampicillin was added (100 g/ml) for plasmid selection in E. coli, and erythromycin was added (100 g/ml) for plasmid selection in Flavobacterium.
Recombinant DNA methods. Genomic DNA extractions were performed with a genomic DNA extraction kit (Promega, Madison, WI), and plasmid DNA was purified with the QIAprep spin miniprep kit (QIAGEN, Germantown, MD). DNA ligations, restriction endonuclease digestions, and agarose gel electrophoresis were performed according to standard techniques (48) . DNA transformation experiments with E. coli were carried out by the calcium chloride method and with Flavobacterium strains by electroporation as described previously by Chen et al. (12) . PCR amplifications were performed with the Failsafe PCR system (Epicenter Technology, Madison, WI). PCR products were separated on 0.7 to 1.0% (wt/vol) agarose gels, and the bands were purified with the QIAquick gel extraction system (QIAGEN). Ligation mixtures were transformed into E. coli JM109 (Promega), and transformants were plated on LB agar plates with ampicillin for selection. Resistant colonies were isolated and screened for the presence of plasmid DNA. The plasmids were then electroporated into Flavobacterium strains.
The pCP29 vector (Table 1) was digested with BamHI and SalI in order to remove the cfxA (cefoxitin) antibiotic resistance gene because it was of no use in this study. The digested vector was blunt ended with T4 DNA polymerase, gel purified, and self-ligated. The constructs were transformed into E. coli JM109, leading to plasmid pSCH143. Promoterless gfp including a multiple cloning site and a ribosome binding site (RBS) on its 5Ј end was released from plasmid pSCH03 (12) by KpnI and SphI and ligated into the same sites on pSCH143, resulting in a promoter-probe vector herein designated pSCH144. This plasmid was used for isolating strong promoters from F. johnsoniae by the promoter trap technique as described in reference 12. One of the derivatives of pSCH144, designated plasmid pFj29 (Chen et al., unpublished) and exhibiting high promoter activity in F. johnsoniae, was chosen for further analysis. Sequence analysis of pSCH144 showed a genomic DNA fragment with a size of 734 bp containing part of the ompA gene transcriptionally fused with a gfp reporter.
To analyze the structure of the ompA promoter in detail, deletion derivatives of the promoter found upstream of ompA on plasmid pFj29 were constructed. The positions of N-terminal primers on the 5Ј end of the ompA region were as follows, with the TSP assigned the ϩ1 position: D1, Ϫ54 bp; D2, Ϫ48 bp; D3, Ϫ32 bp; D4, Ϫ5 bp. Amplification of the deletion derivatives was performed with N-terminal primers containing an N-terminal KpnI site (Table 2 ) and C-terminal primer OMPAR with a BamHI site ( Table 2) complementary to the 3Ј end of ompA at position ϩ302 bp. The PCR products were inserted into the T Easy vector (Promega) and sequenced. The inserts were released from this vector by KpnI and BamHI and inserted into the same sites of promoter-probe vector pSCH143 to create the deletion plasmid series OmpA.Ϫ54, OmpA.Ϫ48, OmpA.Ϫ32, and OmpA.Ϫ5 (Table 2) . For mutagenesis of the Ϫ33 and Ϫ7 elements, alteration of the spacer length between the two conserved elements, and construction of the randomized promoter library, we used PCR protocols described elsewhere (12) . The desired mutation(s) was introduced on an oligonucleotide primer with a KpnI site ( Table  2) . OMPAR (Table 2 ) was used as the reverse primer. Each of the mutant templates contained the ompA promoter fragment comprising nucleotides encompassing Ϫ54 to ϩ302 bp. Three base substitutions were introduced into the Ϫ33 region by changing the sequence from Ϫ33 to Ϫ35 (TTG 3 AAC) or into the Ϫ7 region by altering the sequence from Ϫ14 to Ϫ10 (TTT3 AAA) as the scanning tests. Next, we made 24 single-base mutations in the Ϫ7 region (from Ϫ6 to Ϫ13) and 12 single-base mutations in the Ϫ33 region (from Ϫ33 to Ϫ36). TTT TTT TTA ACA TTT GAT TTT GTA TTT AAA AAA TTT GGT GTT ACT TTT TCT TG Spacer length alterations ranging from 17 to 23 bp, as well as the randomized mutations in the spacer, were generated by similar PCR-based methods. The fragments with mutant promoters were cloned into the T Easy vector for sequence verification. Mutant promoters were released with KpnI and BamHI and inserted into the same sites of vector pSCH144. The constructs were first propagated in E. coli. Finally, each of the verified mutant plasmids was introduced into Flavobacterium strains by electroporation.
Determination of promoter activity in Flavobacterium and in E. coli. Promoter strength was evaluated by measurement of gfp reporter expression. Cells harboring a sequence-confirmed construct(s) were cultured in CYE medium and quantitative analysis of green fluorescent protein (GFP) production was performed with a SpectraMax M5 spectrophotometer (Molecular Devices, Sunnyvale, CA). Aliquots (200 l) of cultures were centrifuged, washed with 0.1 M phosphatebuffered saline (pH 7.4), diluted in the same buffer to an optical density at 600 nm of ϳ0.4, and subjected to fluorescence determination in a 96-well plate (Costar, Corning, NY) at an excitation wavelength of 490 nm, an emission wavelength of 530 nm, and a cutoff of 515 nm at 22°C. Cell densities were determined at 600 nm. To ensure that the values recorded were due to GFP, cultures of untransformed strains were used as the blanks for calculation of relative units of fluorescence.
RNA isolation. Flavobacterium cells (2 ml) from exponentially growing cultures (turbidity at 650 nm of 0.3 to 0.4) were stabilized with 2 volumes of RNAprotect Bacteria Reagent (QIAGEN, Valencia, CA) for 5 to 10 min. Total RNA was extracted by using the RNeasy kit (QIAGEN) according to the protocol of the manufacturer. Following extraction, total RNA was treated with DNase I. The DNase I was later heat inactivated at 70°C for 15 min. To concentrate the samples, total RNA was precipitated with ethanol and resuspended in 30 l of RNase-free water. Samples were stored at Ϫ80°C.
TSP. The transcriptional start site was determined by using the 5Ј rapid amplification of cDNA ends system as recommended by the supplier (Clontech, Palo Alto, CA), with 3 g of total RNA (DNA free). A gfpmut3 gene-specific primer (gfpSphIR) was used to initiate first-strand cDNA synthesis for 1.5 h at 42°C. Small aliquots of the above cDNA as the template were amplified with SMART PCR primer USP and gene-specific primers ( Table 2 ). The PCR products were cloned into the T Easy vector according to standard procedures and sequenced.
DNA sequence analysis. Each construct was sequenced by the dideoxy termination method with an automated sequencing system (Applied Biosystems, Foster City, CA). GenBank database searches were carried out with the National Center for Biotechnology Information BLAST web server (http://www.ncbi.nlm .nih.gov/BLAST). Multiple sequence alignments were carried out with the ClustalW program (http://www.ebi.ac.uk/clustalw/) and later adjusted manually. Weblogo was used to create the sequence logos (http://weblogo.berkeley.edu/). The F. johnsoniae UW101, B. fragilis NCTC9434, and E. coli K-12 genomic sequences were obtained from GenBank (AAPM01000000 [version 17-JAN-2007], NC003228, and NC0009134, respectively). Genome scale DNA pattern searches were performed with PatScan (http://www-unix.mcs.anl.gov/compbio /PatScan/) (18) and regulatory sequence analysis tools (RSAT; http://rsat.scmbb .ulb.ac.be/rsat/) (53) .
Nucleotide sequence accession number. The sequence of the trapped genomic fragment in pSCH144 was deposited in GenBank and assigned accession no. EF571005.
RESULTS
Mapping of the ompA promoter. The TSP of the ompA gene, as determined by SMART rapid amplification of cDNA ends, was an A nucleotide 32 bp upstream from the start codon of ompA in F. johnsoniae (Fig. 1) . The putative Ϫ33 (TTG) and Ϫ7 (TACTTTTG) elements matching the consensus Bacteroidetes promoter sequences (4) were found 32 and 5 bp upstream of the TSP, respectively. The spacer length between the Ϫ7 and Ϫ33 regions was 19 bp. Similar promoter elements were found within 50 bp upstream of the ompA genes from other flavobacteria, indicating that the regulatory regions of ompA genes are conserved (Fig. 1) . A serial deletion on the 5Ј end of the ompA promoter was conducted to determine the regions required for maximal ompA gene expression in Flavobacterium. The results (Fig. 1) showed that there was no significant difference in the levels of GFP production between the wild type (pFj29) and D1 (OmpA.Ϫ54). Deletion of TTTTTT upstream of the Ϫ33 region (D2, OmpA.Ϫ48, Fig. 1 ) decreased promoter activity by more than 50% compared to that of the wild type. D3 (OmpA.Ϫ32) exhibited a ninefold lower level of fluorescence compared to the wild type. D3 (OmpA.Ϫ32) contains a deletion that originates at bp Ϫ32 and thus has the Ϫ33 region (TTG) deleted. A further deletion (D4, OmpA.Ϫ5) that removed the entire Ϫ7 region (TACTTTTG) abolished promoter activity to the negative control level. These data indicated that at least 48 bp upstream of the TSP in the ompA promoter region are required for maximal ompA expression in log-phase Flavobacterium. Substitutions of 3 bp in either the Ϫ33 ( Ϫ35 TTG Ϫ33 3 AAC) or the Ϫ7 ( Ϫ14 TTT Ϫ10 3 AAA) conserved element of the ompA promoter eliminated its ability to drive GFP production in both F. hibernum strain W22 and F. johnsoniae (data not shown), indicating that these motifs are critical for Flavobacterium promoter activity. Point mutations in the ؊33 promoter region. We next examined the effects of single-base substitutions in the proposed Ϫ33 region ( Ϫ35 TTG Ϫ33 ). At each position, we tested each of the three possible substitutions separately (Fig. 2) . Each of the single-base alterations at positions Ϫ33, Ϫ34, and Ϫ35 resulted in a decrease in promoter activity (Fig. 2) . The most pronounced effect in the core Ϫ33 promoter element was at position Ϫ35. Base substitution at this position caused gfp expression to drop below 5% of the wild-type level. Substitution Ϫ34T3G caused the most modest reduction of GFP production, to 63% of the wild-type level. This could be attributed to the fact that a new Ϫ33 consensus motif ( Ϫ36 TTG Ϫ34 ) was created by the mutation (T3G). The T nucleotide at position Ϫ36 has been proposed as the fourth conserved base (ϳ80%) in B. fragilis (4), but it was less conserved (ϳ35%) in Flavobacterium strains (12) . Mutational analysis showed that replacement of Ϫ36T with any of the other three bases decreased the promoter activity to approximately 20% of the wild-type level.
Point mutations in the ؊7 promoter region. To determine whether the TACTTTTG sequence of the ompA promoter (positions Ϫ6 to Ϫ13) functions as an important element, we investigated how specific mutations in this sequence affect promoter activity. Most of the base substitutions within the core conserved Ϫ7 motif (TANNTTTG) produced dramatic effects on promoter activity (Fig. 3) . Any substitutions at positions Ϫ8, Ϫ9, and Ϫ12 nearly abolished promoter activity, reducing it to the negative control level, indicating that the bases in these specific positions are extremely important. Substitutions at Ϫ6 caused more-than-10-fold reductions in promoter activity (Fig.  3) . In contrast, the effects of substitutions at less-conserved positions Ϫ11 and Ϫ10 were generally more modest, with the exception of the T-to-G mutation at Ϫ10, which abolished promoter activity (Fig. 3) .
Determination of optimum spacer length between the ؊33 and ؊7 sequences of the Flavobacterium ompA promoter. Alignment analysis of promoters in Flavobacterium showed that the spacer length between the Ϫ7 and Ϫ33 regions varied in a broad range of 17 to 23 bp (12) . In E. coli, deviation from optimal spacer length by insertion or deletion of only one base impaired promoter function (56) . In Flavobacterium promoters, the optimal spacer length has not been clearly determined. We altered the spacer length of the ompA promoter by sitedirected mutagenesis by inserting or deleting T nucleotides within the promoter spacer as shown in Table 3 . We systematically tested mutant ompA promoters with spacers of 17, 18, 19, 20, 21, 22 , and 23 bp and compared the fluorescence of GFP produced to that of cells harboring the wild-type promoter. In F. johnsoniae, any insertions or deletions of spacer bases dramatically decreased GFP production, indicating that the optimal promoter spacer length in Flavobacterium strains is 19 bp (Table 3) . Similar effects of spacer length on promoter activity were recorded in F. hibernum. The F. johnsoniae ompA promoter was inefficient in E. coli and did not exhibit significant variation in strength even if the spacer length was decreased to 17 bp, which is the length observed in most of the 70 promoters (21) . Mutational analysis of the spacer and the sequences close to the ؊33 and ؊7 consensus motifs. To determine the importance of sequences adjacent to the Ϫ33 and Ϫ7 consensus regions, a synthetic promoter library was constructed. Twentyseven plasmids carrying unique randomized sequences of the spacer were transformed into F. johnsoniae and F. hibernum. The relative fluorescence levels of log-phase E. coli, F. johnsoniae, and F. hibernum were determined as shown in Table 4 . Promoter clone DL98 carried the same promoter sequence as the wild type. Twenty-seven clones with the intact Ϫ7/Ϫ33 promoter motifs exhibited different fluorescence intensities varying from 1-to 290-fold in F. johnsoniae and from 1.2-to 603-fold in F. hibernum compared to the respective negative controls. The strengths of individual promoters in F. johnsoniae and F. hibernum were strongly correlated (r ϭ 0.94, df ϭ 26, P Ͻ 0.001) (Fig. 4) . The Flavobacterium promoter-like collections did not boost GFP production significantly in E. coli. This fact further supports the presumption that a sigma factor different from that of E. coli exists in members of the phylum Bacteroidetes. The randomized promoter collections carried sequences with various GC contents ranging from 22% to 44% (Table 4) . Promoter clones with more AT-rich sequences (GC content less than the average GC content of 34%) showed a stronger ability to drive expression of the reporter gene in F. johnsoniae and F. hibernum (Fig. 5) . It should be noted that the strength of the promoter varied significantly among promoters with the same GC content, indicating that the sequence in the less-conserved promoter regions was also influential in determining promoter strength. Genome-wide analysis of putative F. johnsoniae and B. fragilis promoters. Genome-wide computational promoter discovery is a realistic way to mine regulatory sequences when bacterial genome sequences are available. We used Patscan (18) and RSAT (53) to perform a string pattern search of the F. johnsoniae and B. fragilis genomes with the following criteria. (i) Both strands of DNA sequences were scanned, (ii) TTG was the conserved Ϫ33 motif, (iii) TANNTTTG was the con- FIG. 3 . Effects of single-base-pair substitutions on the ompA promoter Ϫ7 region in F. johnsoniae. Promoter activities were determined as described in Materials and Methods. Reactions were performed in triplicate, and standard deviations are marked by error bars. Results for each deletion promoter clone were normalized to a promoter activity of 100% for the wild-type (W.T.) ompA clone (Fj29). The sequences and the numbers indicate the base pairs at the specific positions in the wild-type ompA promoter. N.C., negative control. a The Ϫ33 (left) and Ϫ7 (right) sequences are in boldface. The spacer length was varied by inserting or deleting a T nucleotide(s) in the spacer region of the ompA promoter.
b Strains carrying pSCH144 (promoterless gfp) were used as a negative control. c NA, not applicable. d Relative GFP fluorescence in different strains was determined as described in Materials and Methods, and the promoter activity was normalized to that of the wild-type ompA promoter clone (defined as 100%), as shown in parentheses. Triplicate samples were used, and the standard deviations are shown. (ii) Many of the ORFs encode housekeeping proteins involved in transcription, translation, rRNA synthesis, or ribosomal structure and function (Chen et al., unpublished) . These are likely to be highly expressed and are thus likely to have promoters that are close to the consensus sequence. (iii) The average GC content is 25%, lower than that in the genome. (iv) Alignment analysis of these putative promoters showed that similar clustered AT-rich sequences were predominant in the spacer region and UP-like sequences were found centered at approximately the Ϫ50 bp region in both F. johnsoniae and B. fragilis (Fig. 6) . By the same strategy, we investigated the putative promoters with various spacer lengths (17 to 23 bp). The results indicated that promoters with a 19-or 20-bp spacer are dominant in members of the phylum Bacteroidetes (Fig. 6) . A search of the E. coli genome with the same criteria resulted in fewer than 10 hits.
DISCUSSION
Our mutational analysis of the sequences upstream of ompA confirmed the importance of the consensus sequences TTG in the Ϫ33 region (Fig. 2) and TANNTTTG in the Ϫ7 region (Fig. 3) . In addition, the exchanges of individual bases in the consensus promoter sequences have established preferences of the bases at specific positions. In the Ϫ33 region, most of the substitutions drastically decreased promoter activity. Even a less-conserved T immediately upstream of the TTG sequence was shown to be important for ompA promoter activity (Fig. 3) . This base has been proposed as part of the promoter consensus sequence in B. fragilis (4) . A TTG motif can be found in the Ϫ35 region of many promoters in prokaryotes, but the Ϫ33 consensus motif in members of the phylum Bacteroidetes is relatively small compared to the conserved Ϫ35 motifs in proteobacteria (4).
In the Ϫ7 promoter element, the consensus TANNTTTG, identified in our previous work (12, 13) and confirmed by these studies, is unlike any of the known Ϫ10 sequences found in other bacterial groups (Table 5) , although the general AT-rich character present in most promoters is also prominent here ( Fig. 5 and 6 ). The distinct feature in the Ϫ7 region described here is the octamer sequence, longer than the common Ϫ10 hexamer (TATAAT) predominant in other bacteria ( Table 5) . Replacement of individual bases in the Ϫ7 region showed that several bases are essential for promoter activity (Fig. 3) . Exchange of bases in positions Ϫ8, Ϫ9, Ϫ12, and Ϫ13 abolished promoter activity almost completely; indicating that these bases are highly conserved. In addition to characterizing the Ϫ33 and Ϫ7 motifs, we also determined that sequences up- (Fig. 1) . UP-like fragments are recognized as common components of many prokaryotic promoters (19, 20, 46, 47) (ϳ3% of the promoters for mRNA and ϳ15% of the promoters for stable RNAs in E. coli). They function as binding sites for the RNA polymerase ␣ subunit (␣CTD) to stimulate transcription (46, 47) . The most extensively characterized UP element is an ATrich sequence located between Ϫ40 and Ϫ60 in the rrnB P1 promoter of E. coli (19, 20) , which stimulates promoter activity at least 30-fold (19) . UP-like elements found upstream of Bacteroidetes promoters have been recognized in B. fragilis (1) and P. gingivalis (27) . A genome-wide survey of putative promoters in members of the phylum Bacteroidetes also showed that UPlike sequences occur at ϳ20 bp upstream of the Ϫ33 promoter motifs (Fig. 6 ). How the UP elements function in members of the phylum Bacteroidetes is not fully understood, and further studies are required to characterize them. Spacers between the Ϫ7 and Ϫ33 motifs in promoters of B. fragilis have been found to contain 19 to 21 bp (4, 55). In Flavobacterium, the reported range of lengths is even broader, 17 to 23 bp (12, (23) (24) (25) , but the optimal spacer length for promoter activity in either of these species has not been determined. The mutagenesis studies reported here found that for the ompA promoter a spacer of 18 to 21 bp is recognized (Table 3 ). In addition, not only the length of the spacer but its base composition is of paramount importance (Table 4 ). The significance of spacer length and composition for promoter activity has been determined in several other bacterial groups (1, 34, 52, 56) . Statistical analysis indicated that more than 50% of the native 70 promoters carried a spacer length of 17 bp and the gene transcription level in vitro with 70 was dramatically decreased for promoters with suboptimal spacer lengths (52, 56) . The spacer length is believed to provide optimal binding of the 2.4 and 4.2 domains of the factors, and therefore one of its roles has been proposed to be in determination of the sigma factor's selection (16, 33) . This is reflected in the differences of the spacer lengths recognized by different sigma factors in different bacteria (Table 5 ). For instance, the promoters for housekeeping genes in Caulobacter crescentus have a spacer of 10 to 14 bp (44), the promoters for housekeeping genes in Actinobacillus pleuropneumoniae have a spacer of 16 bp, and the promoters for housekeeping genes Bacteroides have a spacer of 19 bp (4). Even in the same bacteria, different environmental stimuli or growth phases cause bacteria to exchange the sigma subunit in the RNA polymerase and thereby initiate the expression of new sets of genes in accordance with the emerging needs (16, 59) . Spacer length and composition, as promoter DNA determinants, may be involved in this process (52) . Since members of the phylum Bacteroidetes are phylogenetically distinct from other bacteria and have an unusual essential sigma factor, it is not surprising that in bacteria in the phylum Bacteroidetes we find a spacer considerably different from that associated with 70 promoters of other bacteria (Table 5).
Many naturally occurring promoters do not exhibit maximal efficiency (51, 59) . The nonconsensus domains of these promoters undoubtedly contribute to the determination of their efficiency. The synthetic promoter construction method (SPCM) has been widely used to address questions arising in the analysis of the complex machinery of gene transcription (1, 34) . Our results obtained by mutational analysis of the ompA promoter by SPCM (Table 4) showed that promoter strength may be greatly affected by the GC content of its sequence, particularly if the GC content is increased above that found in the chromosome (34% in F. johnsoniae). Of particular interest among the SPCM data presented here are those indicating that nonconserved promoter sequences contribute significantly to promoter activity (Table 4 ). In particular, the GC content of the nonconserved regions may have a profound effect (Fig. 5) . Similar effects have been noted in other species. Agarwal and Tyagi (1) demonstrated that housekeeping promoters of My- a Promoter sequences were aligned by using the Ϫ35 and Ϫ10 regions. Consensus nucleotides are defined as present at a given position in more than 50% of the sequences. An M indicated an A or a C base, an N indicated any nucleotide, an R indicates A or G, an S indicates C or G, and a W indicates A or C. The spacer lengths of the housekeeping gene promoters in the representative strains were estimated from the literature.
